The gravitational production of superheavy dark matter, in the Peebles-Vilenkin quintessential inflation model, is studied in two different scenarios: When the particles, whose decay products reheat the universe after the end of the inflationary period, are created gravitationally, and when are produced via instant preheating. We show that the viability of both scenarios requires the mass of the superheavy dark matter to be approximately of the order of 10 17 GeV.
INTRODUCTION
Quintessential inflation, which was addressed for the first time by Peebles and Vilenkin (PV) in [1] , is an attempt to unify inflation and quintessence via a single scalar field whose potential allows inflation while at late time provides quintessence (see for instance [2] ). A remarkable property of the PV model is that it contains an abrupt phase transition from inflation to kination (a regime where all the energy density of the inflation turns into kinetic), where the adiabatic regime is broken and, thus, particles could be gravitationally created [3, 4] . This leads to the possibility to explain the abundance of dark matter through the gravitational production of superheavy particles [5, 6] , although gravitational production of dark matter could also occur in standard inflation during the oscillations of the inflaton field [7] [8] [9] .
Considering the gravitational production of two kinds of superheavy particles: X-particles, conformally coupled with gravity, whose energy density after their decay and later thermalization of decay products will dominate the energy density of the scalar field in order to match with the Hot Big Bang (HBB), and dark Y -particles which are only gravitationally interacting massive particles (GIMP), we will show that the PV model preserves the Big Bang Nucleosynthesis (BBN) success. More precisely, the overproduction of Gravitational Waves (GWs) does not disturb the BBN for X-particles and Y -particles with masses in the range of 10 14 − 10 16 GeV and 10 16 − 10 18 GeV respectively, leading to a maximum reheating temperature in the TeV regime.
On the contrary, for massless conformally coupled Xparticles produced via instant preheating (see [10] for a detailed discussion of this mechanism of particle creation), assuming that Y -GIMP are the constituent of the dark matter, the viability of the model requires that the mass of the superheavy Y -particles is approximately of the order of 10
17 GeV, yielding a reheating temperature arround 10 8 GeV. * Electronic address: jaime.haro@upc.edu
THE PEEBLES-VILENKIN MODEL
It is well-known that in quintessential inflation the number of e-folds from the pivot scale exiting the Hubble radius to the end of inflation is greater than 60. For this reason, in order that the theoretical values of the spectral index and the ratio of tensor to scalar perturbations enters in their marginalized joint confidence contour in the plane (n s , r) at 2σ C.L., we have changed the quartic inflationary potential of the original PV quintessential inflation model with a quadratic one, obtaining:
where m is the mass of the scalar field and M ∼ 10 GeV, is an small mass that has to be calculated numerically [11] . In the PV model, the kination phase starts at ϕ kin ∼ = 0. Thus, to obtain the value of the Hubble parameter at that time, namely H kin , first of all we calculate the slow roll parameters: Denoting by ǫ * and η * the values of the slow roll parameters and by ϕ * the value of the scalar field when the pivot scale exits the Hubble radius, since the mass M satisfy M ≪ M pl , being M pl the reduced Planck's mass, one has ǫ * = η * = , and thus, the spectral index is given by
On the other hand, the observational estimation of power spectrum of the scalar perturbations when the pivot scale leaves the Hubble radius is [12] . Since during the slow roll regime the kinetic energy density is negligible compared with the potential one, one will have
Taking into account that the observational value of the spectral index is n s = 0.968 ± 0.006 [13] , if one chooses its central value one gets
Then, once we have these quantities we can solve numerically the conservation equation
with initial conditions ϕ * = −15.81M pl andφ * = 0 (obviously, one can choose other similar initial conditions and the result has to be practically the same, because the inflationary dynamics is an attractor). Using event-driven integration with an ode RK78 integrator one getsφ kin = 2.34 × 10 −6 M 2 pl , and thus
To end this Section, note that at the beginning of kination the energy density of the inflation is ρ ϕ,kin ∼ = 2.73 × 10 −12 M 4 pl , which shows that the energy density drops an order of magnitude between the end of inflation and the beginning of kination, because at the end of inflation the energy density is given by
pl .
REHEATING VIA GRAVITATIONAL PARTICLE PRODUCTION
Since the second derivative of the potential (1) is discontinuous at ϕ = 0, from the conservation equation one can see that the third temporal derivative of the inflation field is discontinuous at the beginning of kination, and using the Raychaudhuri equationḢ = −φ 2 2M pl one can deduce that at the beginning of kination the third derivative of the Hubble parameter is discontinuous, enhancing the particle production as discussed in [14] . Then, in order that vacuum polarization effects do not disturb the dynamics of the ϕ-field, the mass of superheavy A-particles, produced gravitationally, has to satisfy m A ≫ H B ≫ m, where we have assumed that the beginning of inflation occurs at GUT scales, that is, when the Hubble parameter is of the order H B ∼ 10 14 GeV (see for instance [15] ). In fact, in the conformally coupled case, using the WKB approximation, the β-Bogoliubov coefficient of the k-mode was calculated in [16] , leading, for the PV model, to
where "kin" denotes the beginning of the kination in conformal time,
A is the time dependent frequency of the k-mode and the third derivative of the Hubble parameter is evaluated on the right (+) and on the left (−) of τ kin .
Therefore, taking into account that ( ...
the energy density of the produced particles, before the decay of the X-particles, evolves as
where A = X, Y . Thus, before the decay of the X-particles, one will have
which means that, for the PV model, one has to assume m X ≪ m Y in order to have a radiation era. At this point, it is important to take into account that when reheating is due to the gravitational production of superheavy particles, in order that the overproduction of GWs does not alter the BBN success, the decay of these particles has to take place after the end of kination [15] . Then, assuming as usual instantaneous thermalization, the reheating is produced immediately after the decay of the X-particles, obtaining
where, the subindex "rh" means that the quantities are evaluated at the reheating time. After reheating, the evolution of the corresponding energy densities will be
meaning that at the matter-radiation equality:
and consequently
where T rh is the reheating temperature and g * = 106.75 are the degrees of freedom for the Standard Model. On the other hand, considering the central values obtained in [17] of the red shift at the matter-radiation equality z eq = 3365, the present value of the ratio of the matter energy density to the critical one Ω m,0 = 0.308, and H 0 = 67.81 Km/sec/Mpc, one can deduce that the present value of the matter energy density is ρ m,0 = 3H pl , and at matterradiation equality one will have ρ m,eq = ρ m,0 (1 + z eq ) 3 = 4.4 × 10 −1 eV 4 . Since practically all the matter has a not baryonic origin, one can conclude that ρ Y,eq ∼ = ρ m,eq , meaning that the reheating temperature is given by a function of m Y /m X as follows:
3.1. Decay after the end of the kination regime
As we have already explained in the previous Section, in order that the overproduction of GWs does not alter the BBN success, the decay of the X-particles has to be produced after the end of kination, which occurs when the energy density of the inflaton field is equal to the one of the X-particles. Then, the decaying rate, namely Γ, has to satisfy Γ ≤ H(τ end ) ≡ H end , where we have denoted by τ end the time at which kination ends. Therefore, one has
and
in which taking into account that during kination the energy density of the inflaton field decays as a −6 , and the one of the produced particles as a −3 , we have introduced the so-called heating efficiency defined in [18] as
Consequently, (16) leads to H end = √ 2H kin Θ, and from the constraint Γ ≤ H end one obtains the bound
On the other hand, assuming once again instantaneous thermalization, the energy density of the X-particles at the reheating time will be ρ X,rh = 3Γ 2 M 2 pl , and thus, the reheating temperature will be given by:
As a consequence, from the two expressions of the reheating temperature (15) and (20) one can write the mass of the dark matter as a function of Γ and m X as follows:
Overproduction of GWs
The success of the BBN demands that the ratio of the energy density of GWs to the one of the produced particles at the reheating time satisfies [19] ρ GW,rh ρ X,rh ≤ 10
where the energy density of the GWs is given by 4 (see for instance [3] ). Thus, since
we will have,
meaning that the bound (22) leads to the constraint
Here, it is important to realize that for m X ≥ 2 × 10 −4 M pl the constraint (25) automatically implies (19) , and thus, taking into account that T rh > 1 MeV because the BBN occurs at the MeV regime [20] , one gets that Γ must satisfy
which always holds when
Consequently, from (20) and (26), for our model the reheating temperature is bounded by 1 MeV ≤ T rh ≤ 336 TeV,
and from (21) and (26) 
INSTANT PREHEATING
In this last Section we consider an interaction between the scalar field and a massless X-field conformally coupled with gravity , whose interacting Lagrangian is given by L int = − 1 2 g 2 ϕ 2 X 2 , where g is a coupling constant. In this situation X-particles are created via a mechanism named instant preheating, which was introduced in [10] in the framework of standard inflation, and was applied, for the first time, to quintessential inflation in [21] .
As was discussed in [21] , in order to avoid a second inflationary period, it is mandatory that the X-particles decay well before the end of kination. Then, at the matter-radiation equality we will have ρ X,eq = ρ X,dec a dec a eq
4
, ρ Y,eq = ρ Y,dec a dec a eq 3 ,
and thus
